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We investigate ultrafast dynamics from photoinduced reflectivity of Sr2RhO4 by using femtosecond
near-infrared pulses. We observe a clear temperature dependent anomaly in its electronic dynamics
which slows down below TS∼ 160 K. In addition, coherent oscillations of the A1g symmetric 5.3-THz
phonon exhibit a 90◦ shift in its initial phase across TS, indicating a structural change in octahedral
rotation distortions. We propose that octahderal structure in Sr2RhO4 evolves at around TS, and it
can influence on the non-equilibrium dynamics of photoinduced carriers as well as real-time phonon
responses.
The interactions between charge, spin, orbital
and lattice degrees of freedom are significant to deter-
mine quantum phases in correlated electron systems.
Ca2-xSrxRuO4 is an crucial example to investigate how
the lattice structure governs the ground states ranging
from an unconventional superconductor Sr2RuO4 [1] to
a Mott insulator Ca2RuO4 [2]. Sr2RuO4 presents a
quasi-two-dimensional layer composed of RuO6 octahe-
dra without any distortions in bulk [1]. Cation substitu-
tion with Ca2+ ions induces tilting and rotational distor-
tions of the octahedra, which results in Mott gap open-
ing as well as spin/orbital orderings [3, 4]. In addition,
Sr2RuO4 has a distinguished surface state originating
from the topmost monolayer with rotational distortions,
which hybridize d-orbitals and produces an exceptional
ferromagnetic order [5]. It shows that structural defor-
mation especially in the octahedral structures is critical
to modify the ground states of correlated materials based
on the perovskite structure.
Layered perovskites Sr2RhO4 and Sr2IrO4 have of-
fered an opportunity to study the effects of octahedral
distortions along with the ruthenates. Octahedral rota-
tions about c-axis by ∼10◦ in Sr2RhO4 and Sr2IrO4 [6]
turn their ground states into a clean correleated metallic
phase [7] and an antiferromagnetic insulating phase [8],
respectively. Intense studies have revealed that Sr2IrO4
is a spin-orbit coupled J eff = 1/2 magnet, but the mag-
netic ground state of Sr2RhO4 is still unveiled despite
its isostructure to the layered iridate, except a report on
a two-dimensional short range antiferromagnetic order
[6, 9]. Moreover, Sr2RhO4 has been rarely investigated
in regard to its temperature (T ) dependence of the octa-
hedral structures except a neutron scattering result [10],
although the layered rhodate shows thermal anomalies
in the physical quantities of resistivity and magnetic sus-
ceptibility [7, 9].
Here, we performed optical pump-probe spectroscopy
on Sr2RhO4 to investigate non-equilibrium dynamics of
photoinduced carriers. In time-resolved reflectivity data,
we found two different T -dependent anomalies: (1) de-
velopment of slow relaxation dynamics, and (2) varia-
tions in amplitude and phase of coherent oscillations of
an A1g symmetric phonon. We observed that the ul-
trafast dynamics of photoinduced reflectivity slows down
below T S∼160 K. In addition, Sr2RhO4 shows the T -
dependent coherent oscillations of the A1g symmetric
phonon, which corresponds to RuO6 octahedral rotations
in the quasi-two-dimensional plane. The coherent A1g
phonon presents clear anomalies across T S with a huge
change in its oscillation-phase by 90◦, and a redshift in
frequency below T S. The unexpected feature in the co-
herent phonon of Sr2RhO4 suggests structural deforma-
tion in the octahedral rotations.
We utilized femtosecond near-infrared pulses to
trace real-time reflectivity change by photo-excitations in
Sr2RhO4. Time-resolved reflectivity was measured with
800-nm pulses for pump and probe beams, which were
generated by a commercial Ti:Sapphire amplifier system
with a 250-kHz repetition rate. The full width half max-
imum of the spot sizes were set to be 100 and 60 µm for
the pump and probe beams, and we used pump fluences
ranging from 20 to 4000 µJ cm-2, and probe fluence of 30
µJ cm-2. The time duration of pump and probe pulses
is 30 fs. To make a pump scattering noise minimized,
we used light polarizations of pump and probe beams or-
thogonal to each other.
Figure 1 shows T -dependent time-resolved reflectiv-
ity from 25 K to 280 K measured under pump fluence
of 85 µJ cm-2. The data (∆R/R)norm were normalized
by their maximum peak values. The decaying transient
of the photoinduced reflectivity is composed of multiple
parts; (1) relaxation component and (2) coherent oscil-
lations. Scattering among the hot photoinduced carriers
after pumping gives rise to the initial maximum change
[11, 12]. Thereafter, the energy of the hot carriers dis-
sipates into other subsystems like phonons, showing ex-
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FIG. 1. Temperature dependent reflectivity changes in
Sr2RhO4 stimulated by near-infrared optical pulses at (a)
from 25 K to 160 K and (b) from 160 K to 280 K. The data
(∆R/R)norm were normalized by the maximum peak values.
The same data are presented on a logarithmic scale in (c) and
(d). The dotted lines are linear fittings to verify the scattering
rate of the initial exponential decay.
ponential relaxation dynamics. On the top of the over-
all dynamics, periodic oscillations are observed as shown
in Fig. 1. The faster oscillation components with peri-
ods of a few hundred femtoseconds are driven by optical
phonons [13], while the slower one with a 15-ps period is
generated by a strain wave propagating along c-axis [14].
Sr2RhO4 shows clear T -dependent variations in its
photoinduced reflectivity. Upon cooling, relaxation dy-
namics becomes slower in low temperatures as shown in
Fig. 1(a) and (b). Logarithmic plots in Fig. 1(c) and
(d) present the T -dependence much clear that the initial
relaxation at t < 0.25 ps are almost identical above 160
K, while it gradually slows down below the temperature.
To articulate the T -dependence, we fitted the reflectiv-
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FIG. 2. Fitting parameters of scattering rate as a function of
(a) temperature and (b) pump fluence. Reflectivity change at
(c) maximum peak and (d) a few time points at t = 4, 100,
1000 ps. The data of each time point in (d) are normalized
by the value at T = 280 K.
ity change on a logarithmic scale to a linear function [15].
We only used the data at t < 0.25 ps to extract a scat-
tering rate of an initial exponential decay, and to ignore
other contribution from acoustic phonon oscillations or
long-lived component. The fitting results are displayed
as dotted lines in Fig. 1(c) and 1(d).
In Fig. 2(a) and (b), we plot the fitting results of
scattering rate γ = 1/τ , where τ is the time constant of
the initial decay. We found a huge suppression in γ at
low temperatures, and the T -dependent anomaly starts
to occur at around T∼160 K as temperature decreases
(Fig. 2(a)). Such a development of slow relaxation at low
temperatures is similar to that of Sr2IrO4 with a energy-
gap development below the Ne´el temperature [16]. It
has been suggested that the relaxation component orig-
inates from electron-hole (el-hl) recombination process,
which gets slower by generation of an energy gap as en-
ergy states near the Fermi level disappears [18–20].
For a further analysis, we investigated a pump-fluence
dependence of γ at various temperatures. Fig. 2(b)
shows a scattering rate γ which shows a linear depen-
dence to the pump fluence below ∼200 µJ cm−1 at T <
160 K. It corresponds to the fact that the relaxation rate
should be proportional to the number of phtoinduced el-
hl pairs in the recombination process [21]. The linearity
to the pump fluence remains at T= 120 K slightly and
disappears at 160 K, which suggests the gap feature starts
to evolute at around T S. Although Sr2RhO4 remains as
3a correlated metal upon cooling [7], angle-resolved pho-
toemission spectroscopy revealed that the a small gap of
10-meV forms below the Fermi level [17]. The energy
gap structure was observed at 10 K and it was suggested
that the gap is generated by orthorhombicity due to the
octahedral rotations. The energy gap value is equivalent
to a thermal energy of T= 116 K, which could be related
to T S considering errorbar in the photoemission exper-
iment. This indicates that the el-hl recombination can
be accelerated above T S as observed by high scattering
rate of γ ∼ 6 ps−1. We assume that the T - and fluence-
dependent anomalies in the initial relaxation dynamics
can arise from the 10-meV gap, but it still needs a clear
explanation how such a gap below the Fermi level can be
related to the ultrafast dynamics.
The raw data of reflectivity transient present addi-
tional features of T -dependent evolution across T S. In
Fig. 2(c) we plot maximum peak of reflectivity change
as a function of temperature. We observed that the peak
value shows two different temperature regions with dis-
tinct linear T -dependences below and above T S. This
can be due to the development of slow relaxation below
T S, as suggested by the decrease of the scattering rate γ.
However, the data do not show a sharp anomaly at T S
but a gradual change in the slope from 120 K to 200 K,
proposing that the T -dependent evolution can arise in a
wide range of temperatures.
Figure 2(d) shows reflectivity changes ∆R/R at t =
4, 100, and 1000 ps. The data are normalized by the
data at 280 K for clear comparison of the T -dependence.
We found that all of the data present the minimum at
T= 160 K and distinct T -dependences below and above
T S as found by (∆R/R)max. The measured time points
are far off the time constants of initial relaxations, and
therefore ∆R(t)s present an optical response in the quasi-
equilibrium state with the same electronic and lattice
temperatures; (R(T +∆T )−R(T ))/R(T ) [16]. From the
T -dependent anomalies in the reflectivity change dynam-
ics, we suggest crystal structure evolution at around T S,
which can build up the energy gap with a overall change
in the electronic structure and can influence the optical
response at 1.55 eV.
To verify the evolution across T S, we focus on the co-
herent phonon oscillations – periodic modulations in op-
tical probing signals driven by Raman active phonons af-
ter photoexciations with femtosecond pulses [13, 14, 22–
29]. The real-time phonon observation have offered
another scope for crystal structures, as recent studies
on Ca2RuO4 revealed that lattice deformation can in-
duce anomalous changes in oscillation-phases, particu-
larly achieved by the ultrafast spectroscopy [22, 23].
These studies on coherent phonons provided new ap-
proaches to investigate octahedral structures in corre-
lated systems.
Figure 3(a) display the coherently oscillating com-
ponents by optical phonons (∆R/R)osc (open circles),
which were extracted from the raw reflectivity transients
with the bi-exponential decay model [30]. Fig. 3(b)
shows Fourier transform of the oscillating data, and two
resonant modes well correspond to the A1g symmetric
Raman phonons as confirmed by our density functional
theory (DFT) calculations. While the eigenmode of the
5.3 THz A1g phonon is solely composed of the octahedral
rotations of the in-plane oxygen, the vibrations along c-
axis are added in the 7.8 THz mode as shown in the inset
figure of Fig. 3(b).
With the values of the resonant frequencies from the
Fourier transform, we fit the data by means of a damped
harmonic oscillator model:
(∆R/R)osc(t) = −ΣiCi cos(2pifi + φi) exp(t/τi), (1)
where Ci, fi, φi, and τi present the amplitude, frequency,
initial phase, and damping time of the A1g symmetric
phonons. We plot the fitting results as solid line curves
in Fig. 3(a), of which the curves well-matched to the
experimental data. Figure 3(c-e) show the fitting param-
eters of the oscillation-amplitude, phase, and decay time
of the 5.3 THz mode, which is a major component of the
coherent oscillations as shown in Fig. 3(b). The fitting
parameters show clear anomalies with a development in
the amplitude below T S (Fig. 3(c)), as well as a large
shift in the phase across T S (Fig. 3(d)). The decay time
of the 5.3 THz phonon shows apparent growth below T S
(Fig. 3(e)) while the oscillation frequency gradually in-
creases as temperature decreases (Fig. 3(f)).
The 90◦ shift in the oscillation-phase of coherent
phonons is not a general case in an absorbing medium.
Once a material absorbs a light, equilibrium coordinate
of the lattice is assumed to be shifted due to a change in
charge density distribution [13]. In other words, the equi-
librium position in the photo-excited state (Qex0 ) should
be moved from the that in the ground state (Q0) (Figure
1 in Ref. [23]). This discrepancy in the equilibrium loca-
tions drives the displacive type force to the lattice gen-
erating coherent phonon oscillations with a cosine-type-
motion. The displacive motions in the lattice arise as
periodic modulation in optical probing signals such as re-
flectivity with ∆Rosc = (∂R/∂Q)∆Q. Because Sr2RhO4
absorbs lights with 1.55 eV of the energy of our pumping
light at all temperature (not shown), coherent phonon os-
cillations were expected to be displacive cos-type. How-
ever, the 5.3-THz phonon turns into sine-type oscillations
below T S, which has been rarely observed in opaque ma-
terials except in the antiferromagnet Ca2RuO4 [23].
The abnormal phase-shift even in the resonant condi-
tion can be attributed to a structural modulation along
the phonon coordinate. As in the case of Ca2RuO4,
a gradual distortion in the ground state towards the
phonon coordinate ∆Qph can reduce the amplitude of
displacive-type oscillations ∆Rosc as δQ = Q
ex
0 −Q0 be-
comes zero [22, 23]. Specifically, as the octahedral struc-
ture distorts upon cooling, the A1g phonon oscillations
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FIG. 3. (a) Coherent oscillations of photoinduced reflectivity change measured at various temperatures from 25 K to 280 K.
We extracted the coherent phonon oscillations by means of bi-exponential decay fitting as metioned in the main text. The data
are of ∆R/R, which are not normalized by the maximum peaks. (b) Fourier transform of the coherent oscillations in (a). Two
resonant oscillations correspond to the A1g symmetric Raman phonons. (c-e) Fitting parameters of the coherent oscillations
from the lower A1g phonon. The data are obtained by using a damped harnomic oscillator model. (f) The oscillating component
of the lower phonon after subtraction the higher mode oscillations from (a).
can turn into sine-type vibrations induced by impulsive
stimulated Raman scattering process [24, 25], which are
usually screened out by the displacive mechanism in an
opaque material [25, 31]. The 90◦-phase shift of the A1g
phonon oscillations in Ca2RuO4 can be driven by lattice
deformation of octahedral tilting distortions with the an-
tiferromagnetic spin ordering [23]. Accordingly, we argue
that structural modulation along the A1g phonon coordi-
nate in Sr2RhO4 can change the generation mechanism
of the coherent phonon. We also found an evidence of the
lattice deformation from the previous neutron scattering
result [10]. As shown in Fig. S2, T -dependent rotation
angle of RuO6 indicates a change in a trend of thermal
development of the octahedral structure across T∼T S.
Additionally, one can note that the phase-shift proceeds
from 120 K to 200 K, suggesting a wide T -range of the
structural evolution as pointed by the maximum values
of reflectivity transient (Fig. 2(c)).
Nevertheless, the stronger phonon oscillation below T S
demands an explanation. The structural distortions in
the octahedral rotations account for the suppression in
the displacive-type oscillations, but not the larger am-
plitude of the impulsive-type ones. The strength of the
impulsive phonons should be subdued as δQ = Qex0 −Q0
becomes zero without any other contribution to the
phonon. We found a feature of the interaction to the
phonon by the T -dependence of oscillation frequency
as shown in Fig. 3(f). In general, a gradual redshift
as temperature increases originate from the anharnomic
effects by phonon-phonon scattering with a model of
ω(T ) = ω0 − C[1 + 2/(e(~ω0/kT ) − 1)], where ω(T ) is
a T -dependent phonon frequency and ω0 is frequency at
zero temperature [32]. However, the anharmonic model
does not fit to the frequency of 5.3-THz phonon below
T S, while the model almost perfectly fits to the 7.8-THz
data (Fig. S3) [30]. The result indicates an extra inter-
action to the phonon inducing a 4-meV redshift below
T S.
As in Sr2RhO4, Ca2RuO4 presents a redshift in the
phonon frequency of the A1g mode with stronger im-
pulsive amplitudes in the magnetic phase. The spin-
phonon coupling originates the softening in the phonon
frequency in Ca2RuO4 [23] as in the cases of correlated
magnetic materials [33, 34]. In addition, it was suggested
that the spin-phonon interaction can enhance the phonon
amplitude of Ca2RuO4 [23]. The phonon anomalies of
Sr2RhO4 also can be induced by magnetism, such as the
short-range antiferromagnetic ordering suggested by the
fact that magnetic susceptibility presents a peak at 200
K [6, 9]. However, we cannot rule out other possibilities
of electron-phonon or phonon-phonon interactions for the
anomalous behaviors of the Sr2RhO4 phonon.
In summary, we investigate non-equilibrium dynam-
ics of photoinduced carriers in Sr2RhO4 by using optical
pump-probe spectroscopy. The relaxation dynamics af-
ter optical photo-excitations present clear T -dependent
anomalies across T S∼160 K. The coherent A1g phonon
oscillation changes from the sin-type oscillations to the
5smaller cos-type oscillations as temperature increases
across T S. We suggest that the unexpected variation
in the A1g phonon oscillations as well as in the relax-
ation dynamics are driven by the structural deformation
related to the octahedral rotations across T S.
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